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Abstract
By vibrating tube densitometry the volumetric behaviour of dimyristoyl-phosphatidylcholine (DMPC)
in the fluid phase was investigated when perturbed at 40 ◦C with different types of solutes at different
concentrations. The specific volume of DMPC upon addition of the fatty acids stearic acid (SA), lauric
acid (LA) and 1,12-dodecanedioic acid (DDA) as well as the detergent sodium dodecyl sulfate (SDS) was
determined. Both SA and LA showed a volume increment of the DMPC-FA system indicating a looser
packing of the bilayer. In contrast SDS caused a monotonous decreasing effect on the volume.
Furthermore, the effect on the specific volume of DMPC perturbed with the sugars trehalose, sucrose,
glucose and the polymer poly(ethylen glycol) (PEG) was examined, where the three former showed the
same tendency, i.e. an initial slight increase followed by a decrease, after which the volume increased at
high concentrations. PEG initially showed the same trend, although more extreme, and no final increase
was observed.
Finally, perturbation of POPC with the solutes SA, DDA and trehalose was examined, and the volume
effects were parallel displaced above DMPC.
In conclusion the regular fatty acids caused a looser andmore disordered structure of theDMPCwhereas
both SDS and DDA eventually lead to a denser bilayer. The sugars all though different in size initially
induced a loser packing of DMPC followed by a more dense packing at sugar concentrations >0.05 w/w
probably caused by osmotic pressure effect and shifting dominance patterns throughout the concentra-
tion range.
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1 Introduction
Every living organism is highly dependent on the lipidmembrane. Themembrane forms a barrier which
allows the cell to control its own environment and their importance for living organisms has made them
a popular subject to study. The structure of the phospholipid membrane has been investigated through
crystallography, NMR and electron density profiling [Nagle & Tristram-Nagle, 2000]. Currently comput-
er simulations, vapour pressure and density measurements among others focus on the interaction with
different solutes in order to use this knowledge in various biotechnological aspects.
Previously the packing properties of 1-alkanols in a phospholipid membrane have been studied by
densitometry revealing different volumetric effects depending on the length of the carbon chain [Aa-
gaard et al., 2006]. Recently Peters et al. [unpublished] have explored the volumetric behaviour upon
perturbation of the membrane with the free fatty acids, oleic acid and stearic acid. In continuation of this
work, we decided to continue with density measurements of steric acid (SA) as a control experiment and
extend with lauric acid (LA) as well as the di-carboxylic acid 1,12-dodecanedioic acid (DDA) and the
detergent, Sodium dodecyl sulfate (SDS). Since LA, DDA and SDS all contains 12 C-atoms the effect of a
different number and kind of polar group on the packing of the phospholipid membrane is investigated
in this report.
Furthermore perturbation of the phospholipid membrane with the disaccharide, trehalose, caught our
attention. Some sugars such as trehalose are known to stabilise the phospholipid membrane upon en-
viromental stresses such as dehydration [Crowe et al., 1989]. The mechanism itself however, is not fully
understood. In fact agreement on how trehalose interacts with the fully hydrated membrane is not even
reached yet. In general the literature supports either of two ideas:
- Trehalose is an osmolyte and experience preferential exclusion from the bilayer interface due to a more
favourable interaction between lipid and water [Deme et al., 2002; Westh, unpublished].
- Trehalose interacts with the lipid interface e.g. by exchanging a certain number of water molecules,
hydrogen bonding to carbonyl groups and/or affects the dipole moment [Villarreal et al., 2004; Luzardo
et al., 2000; Skibinsky et al., 2005].
In this report the volumetric behaviour of the phospholipid membrane is investigated in solutions
of trehalose and the other small saccharides sucrose and glucose. Sucrose represents a sugar with similar
mass but different monosaccharide composition and glucose represent a saccharide with a smaller mass.
The effect of a large polymer, poly ethylene glycol (PEG), is examined as well.
Finally the influence of a saturated contra an unsaturated phospholipid membrane is investigated by
perturbing POPC with the fatty acids SA and DDA and the di-saccharide trehalose.
Before describing the experimental work and results further details regarding the phospholipid mem-
brane and its volumetric behaviour are presented in the next section.
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2.1 Lipid membrane
Phospolipids are amphiphilic molecules. In aqueous solutions they arrange themselves in structures that
minimize interaction of the hydrophobic acyl chains with water. The shape of this structure depends on
concentration and temperature [Luzzati & Husson, 1962] as well as composition.
In this study 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC) is used as a model for a sat-
urated membrane (figure 2.1a) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC) is
used for an unsaturated model of the membrane (figure 2.1b).
Purified phospholipids such as DMPC and POPC are known to form multilamellar vesicles (MLV)
(a) DMPC (b) POPC
Figure 2.1: a) Structure of 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC) and b) 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC), respectively.
upon hydration. MLV are spherical shells of lipid bilayers enclosing each other (like an onion). In each
bilayer the lipids are ordered in two individual layers, where the hydrophobic chains of each layer is
pointing toward each other creating a hydrophobic core and the hydrophilic head groups constitutes the
surface area (figure 2.2).
When hydrated the hydrophilic head groups of the lipids interact with water molecules forming a
Figure 2.2: The figure illustrates a section of a lipid bilayer. The hydrophobic chains are kept in the core
and the hydrophilic head groups are on the surface toward the aqueous environment (modified from
[SDU, 2007]).
hydration shell where 26 water molecules per lipid are involved in the total hydration and about 7
of these are intercalated in the bilayer whereas the rest constitutes the surrounding hydration shell
[Luzardo2000].
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2.2 Bilayer dynamics
The biologically interesting fluid phase (Lα) bilayer is a structure with a high degree of movement be-
tween the lipids within the same layer but almost none between the two layers. This is due to the high
energy cost of transferring the polar head group through the hydrophobic center of the membrane. The
dynamic behavior of the bilayer is further supported by rotation of C-C bond in the acyl chain creating
gauche conformation(s) hence increasing disorder compared to the more ordered gel-phases [Nagle &
Tristram-Nagle, 2000]. E.g. at 25º C 10% of all C-C bonds in freely rotating chains are in the gauche
conformation [Kyte, 2007]. Disorder is also introduced by the unsaturated lipids having a fixed angle
due to the cis C=C double(s) hence creating configurationally disorder.
The change in the specific volume of lipids is a three-dimensional change. However, the surface of
DMPC, and similar lipid bilayers, is known to follow a two-dimensional dynamic structural arrange-
ment upon perturbation of the hydrated system [Nagle & Tristram-Nagle, 2000].
Throughout this report a change in the specific volume is considered to be a change in a two-dimensional
system as illustrated in figure 2.3. An expansion of the surface area per lipidmolecule (lateral expansion)
separates the hydrophobic tails and permit more C-C rotation, hence less trans conformation, which is
accompanied by a thinner bilayer (transverse decrease), ref. figure 2.3a. A lateral decrease, on the other
hand, induce more trans conformation in the lipid acyl chains (transverse increase), ref. figure 2.3b. The
consequence of this is that the lateral and transverse changes are coupled in their contribution to the
change in the specific volume but they might also be decoupled, i.e. both lateral and transverse increase
or decrease.
An increase in Vlipid (= a less dense packing) indicates one of the following two scenarios:
1. The lateral increase dominates over the transverse decrease. In other words the surface area per lipid
molecule increases (and the density decreases) more than the density increases due to a thinning
of the bilayer.
2. The transverse increase dominates over the lateral decrease. The surface area per lipid molecule de-
creases (and the density increases) less than the density decreases due to a thickening of the bilayer.
A decrease in Vlipid (= a more dense packing) corresponds to the opposite arguments.
(a) Lateral expansion (b) lateral compression
Figure 2.3: The change of a two-dimensional system. a: A lateral expansion is followed by a transverse
decrease. b: A lateral compression is followed by a transverse increase.
2.3 Bilayer-solute interaction
The fatty acids are expected to enter the bilayer i.e. arrange with the carboxylic acid group among
the polar head groups and the acyl chains toward the hydrophobic core. The interaction of the sugars
is thought to bemore indirectly and is better described through the preferential binding/exclusion theory.
Preferential binding and exclusion are used to describe the interaction between biomolecules and solutes.
Both operate under the assumption that lipids interact differently with water and solute i.e. a saccharide.
If a solute is added to a system containing e.g. lipid membranes and water, as modeled in this study,
the balance of the chemical potential will be disturbed. The molecules in the system will try to regain
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equilibrium e.g. bymoving water molecules toward a lower chemical potential. If the solute has a higher
affinity for the lipid than water has preferential binding will occur (figure 2.4b). The binding would not
be specific to a site on the membrane, but interacts with many loci on the surface area [Timasheff, 1998].
In contrast, if the lipid-water interactions are more favorable than lipid-solute interactions the solute will
be excluded from the membrane (fig 2.4a). The concentration difference between the hydration shell and
the bulk solution would create an osmotic pressure and lead to a partial dehydration of the membrane.
This would course the head groups to move closer together resulting in a lateral compression.
(a) Preferential exclusion (b) Preferntial binding
Figure 2.4: Principal illustration of the interaction of solute () in a lipid membrane and water (grey
background) containing system. a: Solute is preferentially excluded from themembrane surface; b: Solute
is preferentially bound to the membrane surface.
4
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3.1 Chemicals
1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine: Avanti Polar Lipids, Inc. (Alabaster, USA) ,
(DMPC) cat.no 103879,Mw 677.9
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine: Avanti Polar Lipids, Inc. (Alabaster, USA) ,
(POPC) cat.no 850457,Mw 760,1
Octadecanoic acid: Merck
(Stearic acid, SA) cat.no 571,Mw 284.5
Dodecanoic acid >99%: Fluka (Seelze, Germany),
(Lauric acid, LA) cat.no. 61610,Mw200.32
1,12-dodecanedioic acid >99%: Sigma-Aldrich (Steinheim, Germany),
(DDA) cat.no D-9630Mw230.32
Sodium dodecyl sulfate >99%: Sigma-Aldrich (Steinheim, Germany),
(SDS) cat.no D-L2630-50GMw288.84
Methanol 99,9%: Lab-SCAN (Dublin, Ireland),
(MeOH) cat.no C17C11X
Chloroform 99,8%: Lab-SCAN (Dublin, Ireland),
cat.no C05C11X
Milli-Q water: Millipore, (Billerica, USA)
Glucopyranosyl-α-D-glucopyranoside: AppliChem GmbH, (Darmstadt, Germany),
dihydrat >99% (Trehalose) cat.no. A1742,Mw378.34
D-(+)-Glucose, anhydrat, 99,5%: Sigma-Aldrich (Steinheim, Germany),
cat.no. G-7528,Mw180.2
α-D-Glycopyranosyl-β-D-fructofuranose: Sigma-Aldrich (Steinheim, Germany),
(Sucrose) cat.no. S-9378,Mw342.3
Poly(ethylen glycol): Fluka (Seelze, Germany),
(PEG) cat.no. 95904,Mw3500-4500
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3.2 Equipment
Freeze Dryer: Christ Alpha 1-2LD,
CHRIST GmbH, (Osterode am Harz, Germany)
Densitometer: DMA 602,
Anton Parr (Grass Austria)
Mercury thermometer: Calibration traceable to Force institute,
(Copenhagen, Denmark)
Differential Scanning Calorimeter: Microcal MC2,
(DSCa) MicroCal (Amherst, USA)
Differential Scanning Calorimeter: DSC-7,
(DSCb) Perkin-Elmer (Norwalk, USA)
pH-electrode: XC161,
Radiometer analytical, (Lyon, France)
Scale: AT261Delta range,
Mettler-Toledo (Switzerland)
Degasser USB Thermo Vac,
MicroCal (Amherst, USA)
Ultrasonic Bath 8890E-MT,
Cole-Parmer (Vernon Hills, USA)
3.3 Densitometry
3.3.1 Sample preparation
During the entire procedure all vials with designated screw caps and added amounts were determined
gravimetrically in order to calculate the exact masses or concentrations.
The lipids (DMPC or POPC) were hydrated by adding 10 mL of water to 1 g of the respective lipids.
Freshly made (boiled, chilled) MilliQ water was used to prevent bacteria contamination. The resulting
suspension was temperature cycled with magnetic stirring at alternately 5 ◦C and 40 ◦C for ∼1.5 hours
(4 cycles of 10 min at each temperature). The repeatedly melting of the PC ensures a homogeneous
suspension. The DMPC/POPC suspension (0.1 g/mL) was transferred to 4 mL glass vials with screw cap
(400 µL in each) giving approximately 25 vials. The vials were covered with parafilm, frozen at −80 ◦C
and subsequently freeze dried for at least 48 hours. Six empty vials went through the same procedure
alongwith the samples to account for water adsorption. The vials were immediately closedwith the des-
ignated screw caps to prevent hydration of the samples and allowed to equilibrate at room temperature
for a couple of hours. After weighing the vials again they were stored at −20 ◦C until further preparation
with a specific solute. In the mean time the precise amount of PC in each vial was calculated resulting in
approximately 40 mg PC per vial. The standard deviation of PC concentration in the vials was <0.07%.
Sample preparation - Fatty acids and SDS
The fatty acids were dissolved in a mixture of chloroform:methanol to a precisely known concentration
of approximately 0.3% (w/w). SA was dissolved in chloroform:methanol (3:1), whereas LA and DDA,
respectively, were dissolved in chloroform:methanol (1:1). The 0.3% fatty acid solutions were pipetted
into the lipid containing vials to obtain 5 different mole fractions of the fatty acids in the range 0.05-0.25.
The samples were magnetically stirred for a minimum of 2 minutes or until the mixture was clear. To
remove the solvent the vials were dried under a steady flow of nitrogen gas until they appeared dry and
freeze dried over night. For POPC it was important to keep oxygen away in order to prevent oxidation of
the double bond. Afterwards the PC-FA samples along with some controls only containing the PC were
hydrated with 1600 µL freshly made MilliQ water. The samples were temperature cycled with magnetic
stirring at alternately 10 ◦C and 45 ◦C for 10 cycles of 2 minutes at each temperature in order to ensure
fully hydration of the samples. Furthermore the vials were treatedwith ultrasound (1minute) after 5 and
10 cycles, respectively. The vials were stored at −20 ◦C until time of analysis. The PC-SDS samples were
prepared in the same way as for LA and DDA except they were hydrated with 3200 µL MilliQ water
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instead since the concentration of SDS turned out to be too high for the densitometric measurements
when they initially were hydrated with 1600 µL.
Sample preparation - Sugars
The vials containing freeze-dried DMPC were further dried for 1 hour at 60 ◦C in a vacuum oven to
ensure all water was evaporated. After equilibrating to room temperature and weighing the vials, 1600
µL sugar solution or MilliQ water, respectively, were added to the DMPC vials. The samples were tem-
perature cycled with magnetic stirring at alternately 15 ◦C and 30 ◦C for 10 cycles of 2 minutes at each
temperature. Again to ensure full hydration of the sample. Furthermore the vials were treated with
ultrasound (1 minute) after 5 and 10 cycles, respectively. The vials were stored at −20 ◦C until time of
analysis. The POPC vials were prepared the same way except they were not dried in the vacuum oven
due to the risk of oxidating the double bond.
A dilution series of the desired sugar was prepared at least covering the range 0.05-0.35 (w/w). Besides,
the addition to the DMPC/POPC vials 1600 µL of each concentration was also added to two separate
vials in order to determine the specific volume of the pure solvent (V*) in the entire concentration range
(duplicate determinations). These vials were stored at −20 ◦C as well in order to avoid degradation of
the sugar.
3.3.2 Measuring
The density of the samplesweremeasured in a vibrating tube densitometer at 40 ◦C. Prior to analysis, the
samples were degassed under magnetically stirring ∼45 seconds at ∼20◦ C. This was done to eliminate
air bobbles in the sample and the exact loss of water was determined gravimetrically. After carefully
loading, the sample was allowed to equilibrate until a steady reading was achieved (∼4 minutes). An
additional readingwas done 1minute laterwith a tolerated deviation of 5·10−6 [Peters et al., unpublished]
where the mean was used for the calculation of Vspeci f ic (see 4.2). The exact temperature was monitored
and reported along with the measurements as well. The densitometer was calibrated against air and
pure water several times during the run and rinsed with MeOH between each sample introduction.
3.4 Differential Scanning Calorimetry
The phase behavior of the PC-FA and PC-sugar samples were investigated by differential scanning
calorimetry (DSC) to substantiate the system being in the fluid phase (Lα) at the experimental tempera-
ture and concentration of solute.
The DMPC-FA samples were diluted 1:6 and measured in the temperature range 10-60 ◦C at a scan
rate of 90 ◦C/hour (DSCa) whereas the DMPC-Sugar samples were measured undiluted in the temper-
ature range 15-45 ◦C at a scan rate of 90 ◦C/hour (DSCa). Both the FA- and sugar-POPC samples were
measured undiluted. First the sample were cooled at −200 ◦C/minute to a starting point of −10/−8 ◦C
and then heated to +5 ◦C at a scan rate of 5 ◦C/minute (DSCb).
3.5 Titration
The fatty acid samples were titrated potentiometrically in order to determine the pKa of the different
fatty acids in the PC-FA system. This was done to determine whether the carboxylic acid groups were
protonated or not.
The titrations were made in a starting volume of 3 mL with a specific amount of respective PC-FA
samples (corresponding to 0.018 mM FA). Each sample suspension was acidified with 0.01 M HCl to
ensure that the pH was below the pKa for the fatty acids and then titrated with 1.0 mM NaOH (5 mM
for DDA) until pKa was passed. The autoprotolysis of water was not taken into account despite of the
very dilute concentrations.
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4.1 Transition temperature, Tm
The phase transition temperature, Tm, was determined as the peak maximum (= maximum ∆Cp). As a
minimum Tm was determined for PC-solute samples at the endpoints of the solute concentration range.
It was confirmed that the DMPC-solute and POPC-solute samples were in the fluid phase during the
desitometric measurements (40 ◦C). Tm for the pure hydrated DMPC was estimated to 24.5 ◦C which
is in accordance with values found by others e.g. Koynova et al. [1997] (Tm = 23.8). For pure hydrated
POPC Tm was determined to be −2.5 ◦C corresponding to a literature value of tm = −3.7 ◦C [Fidorra et al.,
2006].
Table 4.1: Tm values for PC-solute (Tm Low conc. - Tm high conc.) and pure hydrated PC. (∗)Data with reservation
due to technical problems.
Sample Tm Low conc., ◦C Tm high conc., ◦C
DMPC, pure 24,5 n.a.
DMPC-SA 25.5 29.2
DMPC-LA 25.3 27.7
DMPC-DDA 24.3 24.9
DMPC-SDS 24.4 23.1
DMPC-trehalose∗ 24.8 24.6
DMPC-sucrose∗ 24.8 24.8
DMPC-glucose∗ 24.5 24.9
DMPC-PEG∗ 24.4 n.d.
POPC, pure −2.4 n.a.
POPC-DDA −4.0 −3.1
4.2 Specific volume
The specific volume of the sample, Vsample, is calculated from the densitometer output (frequency−1 = T)
according to:
Vsample =
(T2sample − T2water) ρwater − ρairT2water − T2air
 + ρwater−1 (4.1)
The equation is based on Hooke’s law and the values used for ρair and ρwater are corrected according to
the actual measured temperature.
4.3 Fatty acids and SDS
Throughout the calculations SDS is treated as a fatty acid and the denotation FA apply for both. Fur-
thermore it is assumed that all fatty acids in the samples are incorporated into the PC membrane and
that the system contains two phases, an aqueous phase and a non-aqueous phase. The apparent specific
volume of the fatty acid and the PC in the samples is defined as the non-aqueous part of this two-phase
system:
Vnon−aq = VPC−FA and Vaq = Vaq
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Vnon−aq was calculated according to [Peters et al., unpublished]:
Vnon−aq =
Vsample − (1 − wPC−FA)V∗water
wPC−FA
(4.2)
where Vsample is the specific volume of the sample, V∗water is the average specific volume from the pure
water measurements and wPC−FA is the weight fraction of the PC-FA part of the sample:
wPC−FA =
mPC +mFA
mPC +mFA +mwater
(4.3)
where mwater is corrected for the loss of water during the degassing.
The exact FA mole fraction in the samples is calculated and the non aqVapp of the samples are plotted
as a function of the respective FA mole fractions:
xFA =
nFA
nFA + nPC
(4.4)
where nFA and nPC is the moles of FA and PC, respectively.
As illustrated in figure 4.1 there is diversity in how the different solutes used affects the specific volume
0.970
0.975
0.980
0.985
0.990
0.995
1.000
0.00 0.05 0.10 0.15 0.20 0.25
xFA
V n
o
n
-
a q
Figure 4.1: The specific volume of DMPC-FA as a function of the mole
fraction of FA (DMPC-SA , DMPC-LA , DMPC-DDA _, DMPC-SDS N)
of the non-aqueous phase. VDMPC−SA increases with increasing mole fraction of SA to ∼ xSA=0.14 cor-
responding to an increase of 0.8%. At higher mole fractions it seems as the VDMPC−SA becomes constant.
The same tendency is seen for a LA with an 0.9% incrase of VDMPC−LA at xSA=0.16 after which the curve
levels off.
VDMPC−DDA increases at low mole fractions (> xDDA=0.10) and decreases at higher mole fractions es-
pecially between the final two data points (∼ 1.4%). The specific volume for DMPC-SDS decreases
throghout the examined concentration range corresponding to a total decrease of 1.2%.
The effect of the two fatty acids SA and DDA on the unsaturated lipid POPC was examined as well.
The specific volume ,VPOPC−FA, was calculated by equation 4.2 and plotted as a function of xFA (equation
4.4). VPOPC−FA is presented on figure 4.2 and compared to the corresponding VDMPC−FA. The changes in
volumes are almost equal to the results seen for VDMPC−FA e.g. POPC-SA decreases 1.0% compared to
0.8% for POPC-SA.
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Figure 4.2: The specific volume of DMPC-FA and POPC-FA as a function of
the mole fraction of FA (DMPC-SA , POPC-SA , DMPC-DDA _, POPC-
DDA N).
4.3.1 pKa
The measured pH values from the potentiometric titration was plotted as a function of added added
VNaOH (see example in figure 4.3). The slope of each point was calculated as:
α =
pH2 − pH1
VNaOH2 − VNaOH1 (4.5)
pKa is equal to the pH step with the highest slope. In general the pKa values were lower than the pH of
the sample and the fatty acids are primarily deprotonated in the PC-FA system. The results along with
the pH of the samples are found in table 4.2.
3
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Figure 4.3: Titration curve for DDA.
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Table 4.2: pKa values (± SD) for SA, LA and DDA in DMPC as well as SA in POPC. The pKa values are not corrected
for the autoprotolysis of water.
Sample pH pKa
SA (DMPC) 6.4 ± 0.17 5.6 ± 0.19
LA (DMPC) 6.8 ± 0.13 5.6 ± 0.12
DDA (DMPC) 5.0 ± 0.04 4.5 ± 0.08
7.3 ± 0.24
SA (POPC) 6.5-5.6 5.3
DDA (POPC) 5.0 ± 0.03 n.d.
4.4 Sugars
The data treatment of the PC-sugar samples is based on the assumption that sugar is not incorporated
into the membrane and hence consists of a two-phase system:
Vnon−aq = VPC and Vaq = Vsugar(aq)
In order to elucidate the influence of sugar on the PC volume behavior the specific volume of PC,
VPC, is calculated in analogy with equation 4.2 as:
VPC =
Vsample − (1 − wPC)V∗sugar(aq)
wPC
(4.6)
where Vsample is the measured specific volume of the sample and wPC is the weight fraction of the PC in
the sample:
wPC =
mPC
mPC +msugar +mwater
(4.7)
in which mwater is corrected for the loss of water during the degassing. V∗sugar(aq) is the specific volume of
the aqueous sugar solution at the exact concentration (wsugar/wwater) in the sample after degassing.
To obtain V∗sugar(aq) the relationship between Vsugar(aq) and the concentration of sugar (w/w) was estab-
lished. The specific volume of the same sugar solutions as added to the PC samples was also measured.
After correcting the concentrations for the water loss during degassing a standard curve was plotted
with the measuredVsugar(aq) as a function of the corrected concentration (w/w). A representative example
is found in figure 4.4. The determination coefficient from the linear regression of the different sugar
standard curves was R2 = 0.99986 ± 0.00022 (SD).
11
4. Calculations and results
y = -0.387280x + 1.007583
R2 = 0.999965
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Figure 4.4: Standard curve for the specific volume of the trehalose standard
solutions as a function of the trehalose weight fraction.
Based on the fitted curve V∗sugar(aq) at the actual sugar concentration in the PC-sugar samples was calcu-
lated. For the PC-water sample V∗sugar(aq) is replaced by V
∗
water which is the average specific volume from
the pure water measurements.
The specific volume of DMPC (VDMPC) is presented in figure 4.5 as a function of the trehalose con-
centration (w/w). At low trehalose concentrations (< 0.05 w/w) a 0.6% increase in the VDMPC is observed
followed by a 1.1% decrease at intermediate trehalose concentrations (0.05-0.18 w/w) and finally a 2.2%
increase at very high concentrations (>0.18 w/w).
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Figure 4.5: The specific volume of DMPC-trehalose as a function of the
trehalose weight fraction (w/w).
VDMPC was examined in solutions of other small saccharides as well (figure 4.6). Sucrose represents a
sugarwith similarmass but a differentmonosaccharide composition and glucose represents a saccharide
with a smaller mass. Both sucrose and glucose show the same tendency as trehalose.
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Figure 4.6: The specific volume of DMPC-sugar as a function of the sugar
weight fraction (w/w) (trehalose , sucrose _ and glucose N).
The effect of the polymer PEG on the DMPC membrane was also examined. As illustrated on figure 4.7
VDMPC increases 3.1% to a maximum at PEG 0.02 w/w and then decreases 14.1% as the concentration of
PEG reaches 0.29 w/w. At a PEG concentrations of 0.4 w/w precipitates was observed and the specific
volume was not determined.
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Figure 4.7: The specific volume of DMPC as a function of the PEG weight
fraction (w/w); compared to the same trehalose curve as in figure 4.5 .
Finally the influence of trehalose on the specific volume of the unsaturated lipid POPCwas investigated.
Figure 4.8 compares the influence of trehalose on the volume behavior of POPC andDMPC, respectively.
Both curves follow the same course but are parallel displaced.
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Figure 4.8: The specific volume of DMPC-trehalose  and POPC-trehalose
 as a function of the trehalose weight fraction (w/w).
4.5 Statistics
A couple of pure DMPC samples (controls) were included in each series.VDMPC was calculated asVnon−aq
from equation 4.2 and the mean VDMPC was estimated to 0.9859±0.020 (SD) cm3/g. This is similar to
previous estimations by Peters et al. [unpublished] (0.9843 ±0.0009 (SEM) (at 40 ◦C)) and [Nagle &
Tristram-Nagle, 2000] (0.977-0.978 (at 30 ◦C)).
The importance of correcting the concentrations for the loss of water during degassing was investi-
gated as well. For the fatty acid experiments no significant difference was observed between the two
curves (figure 4.9) and the correction for water loss is of minor importance at the degassing conditions
used in the current study.
The sugar experiments contains a correction for the water loss during degassing in both the sam-
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Figure 4.9: Specific volume of DMPC-LA as a function of the mole fraction
of LA. VDMPC−LA  is corrected for the loss of water during the degassing
and VDMPC−LA  is calculated without accounting for the water loss during
degassing.
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ple and the pure sugar(aq) solutions. As shown in figure 4.10 the lack of degassing the sample and the
pure sugar(aq), respectively, affect the calculation of VPC in opposite directions and practically cancel
each other out.
In contrast an important contribution to the accuracy of VPC is observed for the adjustment of V∗sugar
to the exact concentration in the degassed sample (dashed line in figure 4.10).
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Figure 4.10: Specific volume of DMPC in DMPC-trehalose samples as a
function of the mole fraction of trehalose. VDMPC _ when both sample and
pure trehalose(aq) are corrected for the loss of water during the degassing;
VDMPC N when only the sample is corrected for the loss of water; VDMPC
 when only pure trehalose is corrected for the loss of water; VDMPC 
when neither pure trehalose(aq) nor sample are corrected for the water
loss. The dashed line isVDMPC without correcting for the increased trehalose
concentration in the sample due to the degassing procedure.
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5.1 Fatty acids and SDS
It is expected that the amphiphilic fatty acids are incorporated in the membrane and perturb its initial
conformation. Whether the packing of the bilayer becomes more or less dense can be discussed based
on the specific volume of the non aqueous phase. Addition of stearic acid to DMPC results in an in-
creasing Vnon−aq (figure 4.1), which corresponds with the results found by Peters et al. [unpublished].
This implies that the packing of the bilayer becomes looser when stearic acid perturbs DMPC. pKa for
SA in DMPC-SA is below the pH of the solution, hence the major part of the SA molecules will be on
the anionic form introducing a charge in the bilayer interface. The introduction of a charge increases the
electrostatic repulsion and hence a lateral expansion. This is in accordance with simulations by Peters
et al. [unpublished] which shows that the anionic form of stearic acid has an apparent lateral area of 29
Å2 compared to 7 Å2 for the protonated form of the acid.
Different arrangements of the carboxylate group between the PC heads are possible, i.e. it could be
situated above, center or below the polar head group resulting in different degrees of lateral expansion
as simplified in figure 5.1. Most likely the negative charge will be placed in more aqueous surround-
ings, either above the membrane or by drawing more water molecules into the water cone. The lateral
expansion dominates over the transverse effect whether it is coupled or not. Either way the packing of
the membrane becomes looser, hence less ordered.
Figure 5.1: Examples of different possible arrangements of the FA carboxy-
late groups between the PC heads.
The effect of the FA chain length on the specific volume was examined by perturbing DMPC with the
shorter LA. As figure 4.1 illustrates LA follows the same pattern as SA, although with slightly lower
VDMPC−FA values. pKa for LA was the same as for SA but since the pH was higher in the DMPC-LA
samples (6.8 compared to 6.4 for SA) LA is deprotonated to a higher extent. This could result in a higher
lateral expansion which compensates for the shorter acyl chain, i.e. the transverse effect is lower. The
observed difference might just be due to day-to-day variations, though, so it is not possible to conclude
whether the acyl chain length has a significant importance on the otherwise similar fatty acids.
The influence of the head group size and polarity could be compared to similar studies on 1-alkanols.
Aagaard et al. [2006] found that 1-alkohols with similar alkyl chain lengths as SA and LA induced amore
dense packing of the membrane. This indicates that the packing effect of the alkyl chains dominates with
the alcohols, whereas it’s the lateral expansion that dominates for the fatty acids.
The introduction of a second carboxylic acid group in the fatty acid was expected to result in a more
extensive lateral expansion and hence a large specific volume increment. However, the increase in
VDMPC−DDA is less for DDA compared to SA and LA (figure 4.1), and it even decreases to below pure
DMPC at xDDA>∼0.20. Overall these results are surprising and it is difficult to imagine exactly how
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the DDA molecules are arranged in the membrane, especially considering that one of the carboxylic
acid groups primarily is deprotonated (pH 5.0, pKa1 4.5, pKa2 7.3). When DMPC is perturbed with the
permanently negative chargedmolecule SDS,VDMPC−SDS decreases as a function of xSDS (figure 4.1). This
is a surprising diverging effect compared to the primarily anionic fatty acids, but could be due to the
different nature of the polar head of the molecule, i.e. the sulphate group. Since it is unlikely that the
electrostatic repulsion is less for SDS compared to the LA with a similar length the observed decrease in
VDMPC−SDS must be due to a dominating transverse effect.
5.2 Sugars
In contrast to the fatty acids sugars are expected to stay in the aqueous phase and hence influence the
bilayer through other types of interactions. The DMPC bilayer was perturbed by sugars varying both in
size and composition.
5.2.1 Trehalose
The specific volume of DMPC showed diverse trends upon addition of different trehalose concentrations
(figure 4.5). If we adopt the preferential exclusion theory [Westh, unpublished; Deme et al., 2002] present-
ed in the introduction, wewould expect a lateral decrease (and a transverse increase) due to dehydration
of the membrane caused by the osmotic pressure exerted by trehalose. The increase in VDMPC seen at
low concentrations would be caused by a slight lateral decrease which straightens the DMPC toward a
higher degree of trans conformation (transverse dominates over lateral), see figure 5.2. Further addition
of trehalose causes further dehydration of the bilayer. At this point the additional lateral decrease dom-
inates over the transverse increase and an overall decrease in the VDMPC is observed.
At trehalose concentrations above 0.2 w/w VDMPC increases again. A possible explanation could be
that at very high trehalose concentrations a few trehalose molecules in fact are intercalating the bilayer
causing a lateral expansion and hence an increasing VDMPC
In order to test this idea calculation of the ntrehalose : nDMPC ratio causing this final increase was done
based on V∗trehalose 1.0 w/w and ∆VDMPC. V
∗
trehalose 1.0 w/w is found by extrapolation of the trehalose standard
curve to 1.0 w/w and ∆VDMPC is the difference between Vsample for the highest measured trehalose con-
centration and pure DMPC.
ntrehalose
nDMPC
=
Vtrehalose 1.0 w/w ·Mtrehalose
VDMPC at trehalose0.34w/w − V∗DMPC ·MDMPC
(5.1)
This results in a ratio of 1:17 meaning that the final increase in VDMPC would be caused by the intercala-
tion of 1 trehalose molecule per 17 DMPCmolecules. This sudden high amount of intercalated trehalose
molecules in the polar part of the bilayer seems unlikely since trehalose originally is preferentially
excluded. The final increment in the VDMPC might instead be due to a decoupling of the lateral and
transverse effects i.e. they both increase, as illustrated in figure 5.2.
Several molecular dynamics simulations propose that some interaction between trehalose and the
bilayer takes place [Luzardo et al., 2000; Villarreal et al., 2004; Skibinsky et al., 2005]. If applied on the
current study the first increase could be due to replacement of a few water molecules with the larger
trehalose molecule corresponding to a lateral expansion of the membrane. Further addition of trehalose
would create an osmotic pressure and hence a decrease in VDMPC since only a certain number of tre-
halose is able to replace water according to Luzardo et al. [2000]. However this theory does not provide
a sufficient explanation for the final increase of the curve and is a breach of the two-phase assumption
which the calculations are based on.
5.2.2 Other sugars
The comparison of trehalose with other sugars revealed similar volumetric behaviours (figure 4.6). Glu-
cose, although a smallermolecule, shows the same tendency as both trehalose and sucrose. At first glance
this seems incompatible with the preferential exclusion theory since a larger number of molecules would
give rise to a higher osmotic pressure at similar w/w. However the hydration layer contains a different
concentration of the two saccharides. The preferential exclusion factor for trehalose and glucose, respec-
tively has been estimated to 5 and 2 [Westh, unpublished]. This corresponds to a bulk concentration of
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Figure 5.2: Schematic illustration of the dominance between the lateral and
transverse effects as a function of solute concentration. In the first part
of the figure the transverse increase dominates over the lateral decrease
resulting in a volume increment. After a certain concentration of solute the
size of the effects intersects and the lateral decrease dominates over the
transverse increase, i.e. the volume decreases. If the two effects decouples
(as illustrated by the vertical line) a lateral increase could be seen together
with a constant or even increased transverse effect. Overall this results in a
volume increment.
trehalose five times higher compared to the trehalose concentration in the hydration layer. In the contrary
glucose is only two times higher in the bulk, hence the reduced osmotic pressure is compensated by the
presence of a double amount of molecules at the same w/w. To summarize, the similarity of the curves
for both the di- and mono- saccahrides supports the preferential exclusion factors estimated by Westh
[unpublished].
According to Luzardo et al. [2000] sucrose shows no interaction with the bilayer whereas trehalose
does interact to some degree. The current study revealed no significant difference between trehalose
and sucrose which could indicate that the preferential exclusion theory actually is a better fit of our
experimental data.
5.2.3 Poly(ethylen glycol), PEG
When perturbing the DMPC bilayer with the very large PEG molecule (Mw ∼ 4000 g/mole) initially the
same trend are observed as for the other sugars (figure 4.7). The increase at low concentrations followed
by a decrease at intermediate concentrations is similar to the effect seen for e.g. trehalose, and is probably
do to dehydration of the bilayer. The amplitude of the extremes however, is much higher than seen
with the smaller sugar molecules in accordance with the existence of a much higher osmotic pressure.
In contrast to the other sugars VDMPC does not increase again at high solute concentrations. Since it was
impossible to obtain a uniform sample at xPEG ∼ 0.28 the last part of the concentration range was not
fully examined.
5.3 POPC
The hydrophobic chain in POPC introduces a permanent cis double bond leading to a more disordered
bilayer. In fact VPOPC was overall higher than VDMPC corresponding to its less dense packing. However,
the influence of the different solutes i.e. fatty acids (figure 4.2) and sugar (figure 4.8) showed the same
trend for both PCs.
Apparently the effect of trehalose is independent of the structure in the hydrophobic part of the bilayer
and seems reasonable since trehalose (if it interacts at all) perturb the membrane at the polar head
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groups. Even though the fatty acids are incorporated into the bilayer, they still do not perturb the two
PC membranes differently.
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6 Conclusion
On basis of densitometric measurements it was shown that perturbation of DMPC or POPC with differ-
ent fatty acids, SDS or sugars altered the specific volume of the non-aqueous phase.
Stearic acid and lauric acid both induced an increment in Vnon−aq, which was believed to be due to
a dominating lateral expansion when the fatty acids are incorporated in the bilayer system. The effect of
DDAwasmore questionable, but surprisingly it appeared that the di-carboxylic acid caused a decrement
in the PC specific volume. The detergent SDS decreased Vnon−aq which must be the result of the effect of
transverse compression dominating over lateral expansion.
Overall the sugars are believed to follow the preferential exclusion theory, hence exerting an osmot-
ic pressure on the bilayer resulting in dehydration and a lateral decrease. The sugars trehalose, glucose
and sucrose all perturbed DMPC in a similar fashion. An increase in VDMPC was observed initially,
owing to the transverse increase dominating over the lateral decrease. At higher concentrations of sugar
VDMPC decreased which means that the lateral decrease here dominated over the transverse decrease.
Adding more sugar (>0.2 w/w) resulted in another increment in VDMPC, which was believed to be due
to a few sugar molecules intercalating in the membrane resulting in a decoupling where both a lateral
and transverse increase occured.
The polymer PEG showed the same initial pattern as the sugars, but with more extreme amplitudes
which is in accordance with it exerting a higher osmotic pressure.VDMPC did not increase again at higher
concentrations of PEG, though.
There was no apparent significant difference in the effect of perturbation with fatty acids or sugar
on POPC compared to DMPC, indicating that the major effect is in the bilayer interface or outside the
bilayer rather than the hydrophobe part.
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